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Description 



Semiconductor 



component 



with 



stress -absorbing 



semiconductor layer, and associated fabrication method 

The present invention relates to a semiconductor 
component with stress-absorbing semiconductor layer, 
and to an associated fabrication method, and in 
particular to a sub-100 nanometer field-effect 
transistor with fully depleted active region. 

As the development of semiconductor components 
continues, ever smaller feature sizes are desired with 
a view to improving the integration density. However, 
certain limits are being reached on account of limited 
charge carrier mobility in semiconductor materials. 
Since an upper limit to the charge carrier mobility of 
electrons and holes in a semiconductor crystal is 
dependent on the physical properties of the 
semiconductor crystal, the required charge carrier 
mobility cannot be established or cannot be established 
with sufficient accuracy in the case of very small 
feature sizes of a semiconductor component. 
Furthermore, what are known as high-k gate dielectrics 
(dielectrics with a high dielectric constant) , which 
are also required for the increasing integration 
density, cause a reduced charge carrier mobility. 

Therefore, what are known as semiconductor components 
with stress-absorbing semiconductor layers (strained 
semiconductors) have been developed, making it possible 
to improve charge carrier mobility in a stress- 
absorbing semiconductor crystal. 

Figure 1 shows a simplified illustration of a crystal 
demonstrating this effect. It is usual for a stress- 
absorbing or mechanically loaded Si layer as stress- 
absorbing semiconductor layer SA to be formed by 
growing a thin crystal layer on a carrier crystal, the 
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lattice constant of which is different than the lattice 
constant of the silicon crystal which has been grown 
on. It is customary for an SiGe crystal layer to be 
used as the so-called stress generator layer SG, in 
which case the Ge content can be adjusted and is 
preferably approx. 20%. This results in a lattice 
constant for the SiGe crystal SG which is approx. 0.8% 
greater than the lattice constant of the Si layer SA 
deposited thereon. These different lattice constants 
result, in particular for the stress-absorbing Si layer 
SA, in the mechanical stresses which are represented by 
the arrows, with the result that ultimately it is 
possible to establish a better charge carrier mobility 
on account of the piezoresistance effect in this layer. 

To achieve improved insulation properties and thereby a 
reduced leakage current as well as reduced capacitances 
in a semiconductor circuit, it is customary to use what 
are known as SOI (silicon on insulator) substrates, but 
the technology described above cannot be applied 
directly to SOI substrates of this nature. 

Figure 2 shows a simplified sectional view through an 
SiGe-on-insulator nMOSFET, as is known, for example, 
from the literature reference T. Tezuka et al.: "Novel 
Fully-Depleted SiGe-On-Insulator pMOSFETs with High- 
Mobility SiGe Surface Channels'' IEEE 2001. In this 
case, an amorphous Si0 2 layer 200 is formed on an Si 
carrier substrate 100, resulting in a typical SOI 
substrate. Then, a stress generator layer SG, which in 
its lower region includes a crystalline Si layer with 
an SiGe layer subsequently grown on it in order to 
generate the mechanical stress, is formed at the 
surface of the Si0 2 layer 200. Then, an Si layer is 
grown on as stress-absorbing semiconductor layer SA, 
which on account of the . different lattice constants is 
under a mechanical stress and therefore has an 
increased charge carrier mobility. Finally, a gate 
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oxide layer 300 and a polysilicon layer 400 are formed 
as control layer, source and drain regions S and D 
being formed for connection of the stress-absorbing 
semiconductor layer SA which forms a channel region K. 
However, with a conventional semiconductor component 
with stress-absorbing semiconductor layer SA of this 
type, it is impossible to further reduce the feature 
sizes, in particular in a sub-lOOnm range, or to 
further improve the electrical properties. 

Therefore, the invention is based on the object of 
providing a semiconductor component having a stress- 
absorbing semiconductor layer and an associated 
fabrication method which has improved electrical 
properties even in a sub-lOOnm range. 

According to the invention, this object is achieved, 
with regard to the semiconductor component, by the 
features of patent claim 1 and, with regard to the 
fabrication method, by the measures of patent claim 8. 

In particular by using a crystalline stress generator 
layer formed on a carrier material and an insulating 
stress transmission layer formed thereon, it is 
possible for the stresses which are generated and 
transmitted to be absorbed in a stress-absorbing 
semiconductor layer formed thereon to such an extent 
that on the one hand an improved charge carrier 
mobility is established and on the other hand improved 
electrical properties can be achieved in the 
semiconductor component . 

It is preferable for the stress-absorbing semiconductor 
layer to include an intrinsic semiconductor, the 
thickness of which is less than 1/3 of a length of the 
channel region, resulting in a semiconductor component 
with a fully depleted semiconductor body. In addition 
to the improved charge carrier mobility, this also 
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results in a reduced off-current with a simple 
structure . 

It is preferable for the stress transmission layer to 
have a lattice constant which is matched to the second 
lattice constant of the stress-absorbing semiconductor 
layer, resulting in excellent transmission properties 
for the mechanical load or stress. 

Furthermore, in this way it is for the first time 
possible to use gate dielectrics with a high dielectric 
constant and control layers with a metal gate in 
semiconductor components with stress-absorbing layers, 
with the result that an equivalent oxide thickness 
(EOT) for the gate dielectric can be reduced and 
excellent gate driving properties can be achieved. 

To achieve an excellent starting surface, it is 
preferable for an Si substrate with a (100) surface 
orientation and a Si buffer layer deposited thereon to 
be used as carrier material. 

Furthermore, to improve a surface quality, it is also 
possible for the stress generator layer to be smoothed 
by means of a molecular beam epitaxy process, resulting 
in further improved electrical properties for the 
semiconductor . component . 

It is preferable for Si to be used as carrier material, 
for SiGe to be used as stress generator layer, for CaF 2 
to be used as stress transmission layer, for Si to be 
used as stress-absorbing semiconductor layer, for HfC>2 
to be used as gate dielectric and for TiN to be used as 
control layer, with the result that, using standard 
material, a particularly simple structure and excellent 
properties in particular with regard to the off- 
current, the charge carrier mobility, the equivalent 
oxide thickness, etc. are obtained. 
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Further advantageous configurations of the invention 
are characterized in the subclaims. 

The invention is described in more detail below .on the 
basis of an exemplary embodiment and with reference to 
the drawing, in which: 

Figure 1 shows a simplified illustration of a crystal 
showing significant effects in stress-absorbing 
semiconductor layers; 

Figure 2 shows a simplified sectional view through a 
conventional semiconductor component with stress- 
absorbing semiconductor layer; and 

Figures 3A and 3B . show simplified sectional views 
illustrating important method steps involved in the 
fabrication of a semiconductor component according to 
the invention with stress-absorbing semiconductor 
layer . 

The invention is described below by way of example on 
the basis of an nMOSFET as semiconductor component with 
stress-absorbing semiconductor layer. However, it is 
not restricted to this application and in the same way 
also encompasses pMOSFETs and other corresponding 
semiconductor components which have a stress-absorbing 
semiconductor layer for the purpose of improving charge 
carrier mobility. 

First of all, in accordance with Figure 3A, a carrier 
material 1 is provided, which includes, for example, a 
silicon semiconductor material. Alternatively, however, 
it is also possible to use any other crystalline and 
approximately lattice-matched carrier material (e.g. 
sapphire, etc . ) . 
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In particular in order to improve a surface quality, 
the carrier material 1 may, for example, comprise a 
semiconductor substrate 1A with a (100) surface 
orientation, in which case it is preferable to use a Si 
5 substrate. To achieve a high-quality starting surface 
and to bury the interface states at the interface 
between IB and 1A, it is possible, in accordance with 
Figure 3A, by way of example, for a semiconductor 
buffer layer IB to be deposited epitaxially, in which 

10 case it is preferable for a silicon buffer layer to be 
deposited by means of a molecular beam epitaxy (MBE) 
process or a MOCVD (metal organic chemical vapor 
deposition) process. Particularly when using an MBE 
process, this treatment step results in a starting 

15 surface which has been smoothed to a range of one atom 
layer. The thickness of the buffer layer IB is in this 
case determined only by a processing rate (throughput) 
and a predetermined starting quality. 

20 As an alternative to the smoothing process described 
above, it is also possible to carry out conventional 
smoothing processes, such as for example CMP (chemical 
mechanical polishing) processes. 

25 Then, a crystalline stress generator layer SG is formed 
on the carrier material 1 or the smooth starting 
surface of the semiconductor buffer layer IB, the 
crystal structure of this stress generator layer SG 
substantially having a first lattice constant for the 

30 purpose of generating a mechanical stress in the 
stress-absorbing semiconductor layer which is 
subsequently formed . 

By way of example, the stress generator layer SG 
35 includes a IV-IV semiconductor or a III-V 
semiconductor. However, it may also include a 
multilayer sequence and/or change gradually by means of 
a molecular beam epitaxial, which in turn results in 
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improved ongrowth properties for the subsequent layers. 
In particular when an Si layer is used as stress- 
absorbing semiconductor layer SA, it is preferable for 
Sii- x Ge x to be used as semiconductor material for the 
stress generator layer SG, the Ge content usually being 
set to from 10 to 50% (x = 0.1-0.5). This results in a 
lattice constant in the stress generator layer SG which 
is slightly different than the carrier material and in 
particular than the stress-absorbing semiconductor 
layer . SA which is subsequently to be formed, this 
lattice constant of the stress generator layer 
deviating, for example, by a few percent (less than 
10%) at its (final) atom layer on account of its 
mismatch . 

When realizing a sub-100 nanometer semiconductor 
component, this stress generator layer SG is formed 
with a typical thickness of 10 to 300 nanometers, 
preferably using a MOCVD (metal organic chemical vapor 
deposition) process. Each crystal layer which is 
subsequently formed with a significantly lower 
thickness will accordingly orient its lattice constant 
relative to this top layer. 

While in conventional processes the stress-absorbing 
layer SA is at this point formed directly on the stress 
generator layer SG, in the process according to the 
invention a stress transmission layer 2, which 
transmits the mechanical stress which has been 
generated and also has insulating properties, is now 
formed. 

Since thermally formed or deposited insulator layers, 
such as for example oxide layers, have an amorphous 
structure, they are not in principle suitable as stress 
transmission layers. By contrast, crystalline insulator 
layers with a predetermined crystal structure are able 
to transmit mechanical stresses of this nature which 
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have been generated in the stress generator layer SG to 
a following stress-absorbing semiconductor layer SA. 
Examples of known crystalline insulator layers of this 
type include CdF 2/ CaF 2 and the like. 

5 

When using a stress-absorbing semiconductor layer 
consisting of silicon, in particular CaF 2 has 
particularly good properties, since the lattice 
constant of CaF 2 is very well matched (for example very 

10 similar) to the lattice constant of silicon (lattice 
constant of CaF 2 = 0.54 6 nanometer, lattice constant of 
Si = 0.543 nanometer at room temperature). Furthermore, 
CaF 2 constitutes an electrical insulator with the 
highest energy gap (valence band to conduction band = 

15 12eV) of all existing materials. On account of this 
extraordinarily large energy gap (12 eV) , when using 
CaF 2 it is sufficient to form just a few atom layers at 
the surface of the stress generator layer SG. 
Accordingly, it is preferable for an approx. 1 to 2 

20 nanometer thick CaF 2 stress transmission layer 2 to be 
deposited as a buried insulator by means of, for 
example, an atomic layer deposition process (ALCVD, 
atomic layer chemical vapor deposition) or an MBE 
process . 

25 

Then, the actual stress-absorbing semiconductor layer 
SA is formed at the surface of the insulating stress 
transmission layer 2, with a silicon semiconductor 
layer preferably being formed as active region, e.g. 

30 channel region K, for the semiconductor component. 
Particularly when producing sub-100 nanometer 
semiconductor components, in which case field-effect 
transistors may, for example, have a channel length of 
15 nanometers, in this case an intrinsic semiconductor 

35 material, i.e. intrinsic silicon, with a thickness d of 
less than 1/3 of a channel length L is deposited. 
Accordingly, for a channel length L = 15 nanometers, 
approx. d = 5 nanometers of intrinsic semiconductor 
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material are deposited by ALCVD or MOCVD or MBE 
processes, resulting in a semiconductor component with 
a fully depleted active region or semiconductor body 
(fully depleted bodies) . 

5 

In this case, the insulating stress transmission layer 
2 is responsible t for ensuring reliable and full 
depletion of this stressed or stress-absorbing 
semiconductor layer SA, with the result that in 

10 addition to the improved charge carrier mobility all 
the advantages of a fully depleted semiconductor 
component are also obtained. Since the stress 
transmission layer 2 also only includes a few atom 
layers and, furthermore, in the case of CaF 2 and Si is 

15 optimally matched in terms of its lattice constant, the 
mechanical load or stress which is generated in the 
stress generator layer SG is transmitted virtually 
without losses to the stress-absorbing semiconductor 
layer SA. 

20 

Then, in accordance with Figure 3A, a gate dielectric 3 
and a control layer 4 are formed at the surface of the 
stress-absorbing semiconductor layer SA. The gate 
dielectric 3 may, for example, comprise conventional 

25 gate dielectrics, such as for example silicon nitride, 
silicon dioxide, ONO layer seguences or future new 
. high-k dielectrics, etc., whereas the control layer 4 
may in the same way consist of conventional gate 
materials, such as for example doped polysilicon or 

30 metal. 

However, it is preferable to use gate dielectrics with 
a high dielectric constant or what are known as high-k 
dielectrics as gate dielectric, in which case it is 
35 preferable to deposit Hf0 2 , HfSi x O y , HfSiNO etc. once 
again by means of an ALCVD or MOCVD process in a 
thickness of typically 3 nanometers. On account of the 
dramatic mismatch of the lattice constants of these 
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materials, i.e. of the gate dielectric, and on account 
of the low deposition temperatures for the stress- 
absorbing semiconductor layer SA, the deposition 
process takes place in amorphous form. 

With regard to the gate material or control layer 4, 
what is known as a mid-gap material is deposited as 
gate material, in particular when full depletion of the 
active semiconductor body is desired. Materials of this 
nature may favorably influence interactions with the 
high-k materials of the gate dielectric 3, in which 
case, in the case of the hafnium gate materials 
mentioned above, it is preferable to use a metal gate, 
such as for example TiN, as control layer 4. 

Finally, in accordance with Figure 3B, both the control 
layer 4 and the gate dielectric 3 are patterned and 
source and drain regions S and D are in each case 
formed in the stress-absorbing semiconductor layer SA 
in order to complete a field-effect transistor. The 
further steps involved in forming spacers, contact 
holes, connection regions, etc. correspond to the prior 
art, and consequently will not be described below. 

In this way, it is possible to fabricate in particular 
semiconductor components with stressed or stress- 
absorbing semiconductor layers and/or semiconductor 
layers operating with full depletion in a simple and 
inexpensive way, with the result that in particular an 
off-current is reduced and a charge carrier mobility 
and therefore clock rate of the semiconductor component 
are improved. 

In the same way, it is possible, in particular when 
using gate dielectrics with a high dielectric constant, 
to reduce the equivalent oxide thicknesses (EOT) , with 
the result that the driving can be improved and in 
particular reduced voltages can be effected. 
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Furthermore, the insulating stress transmission layer 
reduces what are known as punch-through effects and in 
particular is able to reduce an off-state leakage 
5 current considerably. In particular, however, a 
corresponding layer structure is now also available for 
sub-100 nanometer semiconductor components, allowing 
semiconductor components with only minor deviations in 
the electrical properties and with sufficient 
10 reproducibility to be produced. 

The invention has been described above on the basis of 
an nMOSFET. However, it is not restricted to this 
particular application and in the same way also 

15 encompasses pMOSFETs or other semiconductor components 
with a stress-absorbing semiconductor layer. 
Furthermore, the invention has been described above on 
the basis of a stress-absorbing semiconductor layer 
consisting of silicon and a stress transmission layer 

20 consisting of CaF2. However, it is in the same way also 
possible to use alternative materials to produce these 
layers . 



